We examine the nature of seismic heterogeneity in the continental lithosphere, with particular reference to Australia. With the inclusion of deterministic large-scale structure and realistic medium-scale features, there is not a need for strong fine-scale variations. The resulting multiscale heterogeneity model gives a good representation of the character of observed seismograms and their geographic variation, and is also in good agreement with recent direct results on P wave reflectivity in the lithosphere. Fine-scale heterogeneity is pervasive, but strongest in the crust. There is a weak quasilaminar component above the lithosphere-asthenosphere transition with horizontal correlation length of 10 km and vertical correlation length of 0.5 km. Within the transition, the aspect ratio of heterogeneity changes and can be well represented with a horizontal correlation length of 5 km and vertical correlation length of 1 km. For the Australian cratons, this transition zone needs low intrinsic attenuation (high Q) to sustain the long high-frequency coda of both P and S waves. The interaction of the different aspects of the heterogeneity is complex and produces a diversity of behavior depending on the relative thickness of the different lithospheric zones. The multiscale model reconciles many of the divergent concepts of the character of heterogeneity based on interpretations of particular aspects of the seismic wavefield. The varying nature of the heterogeneity also ties well with the variations in tectonic character across the Australian continent.
Introduction
In many parts of the world, the continental crust is well characterized using both active and passive seismic techniques. Major divisions of crustal structure are recognized frequently with a strong link to the age of formation or accretion. A useful summary of the properties of the continental lithosphere is provided by Fowler [2005, Chapter 10 ]. Within the major crustal units, reflection seismology reveals fine-scale structure superimposed on the major changes in seismic wave speed. This fine structure arises from variations in P wave speed or density that lead to localized impedance contrasts. In the crystalline crust, most reflector segments appear quite short, no more than a kilometer or so, but in aggregate can build to bands of significant reflectivity. The patterns are distinctive [e.g., Kennett and Saygin, 2015] , and are likely to be linked to the processes of crustal assembly. At the frequencies used in reflection work (>10 Hz), the upper mantle is generally transparent though there are a few places with very distinct inclined reflections, often interpreted as fossil subduction zones [Warner et al., 1996; Hammer et al., 2010] .
For the mantle component of the lithosphere, the broad-scale features are well defined at a global scale, by exploiting the properties of surface waves and multiply reflected S body waves [e.g., Schaeffer and Lebedev, 2013] . At the regional scale with a good distribution of sources and available seismic stations, it is possible to achieve horizontal resolution of the order of 200 km [e.g., Yoshizawa, 2014] . This is also the scale at which the pattern of heterogeneity in multiple regional models using dense data is consistent [Becker, 2012] , though variations in amplitude of wave speed variation are apparent between models. The addition of body-wave tomographic results can help to refine structure further, with potential horizontal resolution limited by station spacing [Rawlinson et al., 2014] , but vertical smearing due to the relatively narrow cone of incoming rays limits resolution in the upper mantle. 2010]. The lower part of the lithosphere beneath the discontinuity has been suggested to be a slight seismic low-velocity zone compared with its surroundings [e.g., Thybo, 2008] . Complex structure with localized velocity increase at the base of the lithosphere has been inferred from the properties of refracted seismic waves [e.g., Bowman and Kennett, 1990] , with a low wave speed zone beneath.
The presence of features in the mantle with scale lengths of the order of 100 km was inferred from patterns of amplitudes of seismic events before the advent of extensive seismic tomography. Kennett and Nolet [1990] showed that such finer-scale structure is largely transparent to the waves employed in surface wave tomography, and so the large-scale results are not affected. With the use of full-waveform inversion techniques working directly in 3-D, the potential exists for incorporating structures on many scales from their influence on seismic waveforms over a broad range of frequencies, but so far this is only achievable where very dense station deployments are available within an already well-characterized region [Fichtner et al., 2013a] .
At even finer length scales, information is limited, and divergent views have emerged on the seismic character of the subcontinental mantle lithosphere. A strong influence has come from the P wave studies of the well-sampled long profiles across the former Soviet Union using peaceful-nuclear explosions (PNE). These profiles show strong high-frequency phases propagating for 2000 km or more, with relatively long codas. A number of different styles of model have emerged depending on the focus on different classes of P-arrivals and distance ranges. Thus, Tittgemeyer et al. [1996] introduced a model with strong quasi-laminar structure in the top 100 km of the lithospheric mantle as a means of ducting high-frequency energy to long distances. In contrast, emphasized the role of crustal scattering, dominantly from the base of the crust, linked to multiply reflected P waves in the mantle returned from a significant velocity gradient in P wave speed (''whispering gallery'' phases). Modeling by demonstrated that this class of model with a horizontally uniform mantle structure could provide a good representation of the onsets of the P waves on the QUARTZ profile across Eurasian Russia. Their preferred model does not include any significant fine-scale heterogeneity down to 130 km, but a rather heterogeneous zone below that as P wave speeds decrease [Thybo, 2008] . Morozova et al. [1999] have exploited the full range of P wave observations for the profile QUARTZ including intermediate smaller shots, and have built up a complex deterministic structure through the full lithosphere. There are considerable horizontal gradients in P wave speed and also some low-velocity zones within the generally faster lithosphere. The presence of such broad-scale variations in seismic wave speed will have an impact on the patterns of multiple P reflections beneath the Moho. The bounce points of different levels of underside multiple reflections in ''whispering gallery'' phases will not coincide in the presence of the lateral heterogeneity giving rise to a more complex pattern of behavior with less consistent phase groups.
A different class of information on lithospheric structure is provided by high-frequency observations of P and S phases, with very long coda, from events in the Indonesian subduction zones recorded in northern Australia [Kennett and Furumura, 2008] and for Australian events recorded at seismic stations on the cratons. In Figure 1 , we illustrate the nature of the seismograms for the Mb 5.4 event near Ernabella in central Australia. We show separate record sections for western and eastern stations that show somewhat different character: paths to the west show higher frequencies, with earlier arrivals than for eastern paths. Sustained and strong high-frequency P coda is particularly noticeable for paths to the north (MTN, KNRA) through the North Australian craton. All the western paths cross Precambrian domains, but only those to stations HTT, QIS, and COEN to the east are dominated by passage through Precambrian areas. The nature of the extended high-frequency coda, particularly for paths within the Precambrian domains, requires some form of distributed heterogeneity through the lithosphere, though not necessarily uniform [cf. Kennett and Furumura, 2008] .
Seismological Reference Model (AuSREM) [Kennett and Salmon, 2012] provides a uniform summary of the 3-D structure with node points at 0.58 3 0.58 at 5 km depth intervals down to 50 km, with 25 km depth intervals to 300 km. The construction of the crustal component is described in detail in Salmon et al. [2013a] , and use ambient noise tomographic results to link together more information from receiver functions and refraction experiments. The mantle component [Kennett et al., 2013] is primarily constrained from surface (23 March 2013: 26.128S, 132.128E, depth 4 km) , with superimposed travel times for the ak135 model [Kennett et al., 1995] . A band-pass filter with corners at 0.25 and 6 Hz has been applied to emphasize the higher-frequency character of the seismograms. (a) Stations in azimuth range 1908-108 with paths crossing mostly Precambrian domains; (b) stations in azimuth range 108-1908 with paths crossing mostly Phanerozoic domains.
Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 wave tomography using both fundamental and higher modes. The Moho depth is separately defined using all available sources of information [Salmon et al., 2013b] .
We consider a number of 2-D sections extracted from AuSREM as a basis for examining the effects of different styles of heterogeneity and the way in which they interact with the seismic wavefield. The configuration of the sections is shown in Figure 2 superimposed on the major tectonic elements of the continent, and accompanied by vertical slices of the SV wave speed distribution in AuSREM. The sections at 218S and 318S are chosen to cover the same length in kilometers starting from 1158E; both sections cover a range of age provinces in the crust. The sections at constant longitude provide an opportunity to look at different age provinces: 1198E crosses the dominantly Archean West Australian craton, 1328E traverses the Proterozoic of the North Australian craton through central Australia to the South Australian craton, and 1458E lies in the Phanerozoic east. The ancient cratons show very high S wave speeds in the lithospheric mantle, and so there is considerable contrast with their surroundings that has a significant effect on the wavefield.
AuSREM provides a representative model of the major features of Australian lithospheric structure at a uniform resolution across the continent. The crustal structure shows more rapid variations than in the mantle, yet where dense observations are available (as in southeastern Australia) there is considerable complexity beneath the crust [e.g., Rawlinson et al., 2014] with variations down to the available sampling of 50 km. Such medium-scale features are likely to be present across the entire continent, but the best description that can currently be provided is a stochastic one represented through a few parameters. A similar situation arises for the description of finer-scale variations.
In our simulations, we specify the wave number spectrum of the heterogeneity using the von K arm an distribution [see, e.g., Ishimaru, 1987] . In 2-D, this probability density distribution for fluctuations in seismic wave speed with differing correlation lengths a x in the horizontal and a z in the vertical direction is specified in terms of horizontal slowness p and vertical slowness q as Geochemistry, Geophysics, Geosystems
10.1002/2015GC006200
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where is the RMS amplitude of wave speed deviation from the reference. j is the Hurst exponent that specifies the rate of decrease of short wavelengths. Such a spectral representation describes a full ensemble of models, with different realizations depending on the specific starting conditions. In any numerical simulation, we can only look at the properties of such a single realization; fortunately, the main characteristics of the seismic wavefield are stable, but each realization brings its own specific properties. In addition, we allow for domains with different stochastic properties, so that there are many levels of possible complexity in the resultant wavefield.
In this study, we have employed j 5 0.5, which introduces a fair amount of short-scale heterogeneity, Shearer and Earle [2004] suggest that this value provides a good general description of the properties of the lithosphere from studies of teleseismic scattering across the globe.
We fortunately have some guide as to the likely distribution of heterogeneity from recent results on P wave reflectivity in the lithosphere and asthenosphere extracted from stacked station autocorrelograms [Kennett, 2015] . This narrowband estimate of the P wave reflectivity includes the effect of the free surface, and will include local averaging of 3-D structure. In Figure 3 , we illustrate the apparent reflectivity as a function of time at a set of stations across the continent lying in different geological environments. The location of these stations is indicated in Figure 2 , and span from the Archean in the west with a thick lithosphere to the Phanerozoic in the east where the lithosphere is much thinner. The conversion to depth is made with the ak135 model [Kennett et al., 1995] , and we indicate the expected reflection times for the Moho [Salmon et al., 2013b] together with the shallower and deeper bounds on the lithosphere-asthenosphere transition from Yoshizawa [2014] . The reflectivity behavior is complex within the relatively high-frequency band of 0.6-3.0 Hz and shows much more variation than is typical for lower-frequency receiver function studies Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200
[e.g., Ford et al., 2010] indicating the presence of a range of spatial scales. Nevertheless, we have to be careful not to overinterpret such results, since in addition to structure vertically beneath the station, the apparent reflectivity can include scattered energy from the sides arriving at the appropriate time. Such a contribution is most prominent in the Proterozoic domains [Kennett, 2015] , e.g., at WRAB.
Although it is easy to recognize the very fast S wave speeds associated with the cratonic lithosphere, the base of the lithosphere does not correspond to any single distinctive physical feature. Yoshizawa [2014] has introduced the very useful concept of setting shallower and deeper bounds on the lithosphere-asthenosphere transition (LAT) rather than seeking for a single discontinuity. The shallower bound is determined from the peak negative gradient of S wave speed, and the deeper bound from the absolute minimum of S wave speed. The LAT zone is therefore a zone of lowered velocity compared with the region above. In Australia, the character of very high-frequency observations of S waves out to at least 1700 km suggests that this LAT zone has low attenuation beneath the cratonic zones in the center and west of the continent. In the east, attenuation is much stronger as suggested by Thybo [2008] .
Lithospheric Heterogeneity Scales and Their Interaction With the Wavefield
We build on the sections through the AuSREM model to examine the way in which different classes of heterogeneity interact and create features of the seismic wavefield. The objective is to match the character of observed P and S waves, rather than attempting to match specific features of the arrivals. The seismograms from a single event, as in Figure 1 , show broad similarity of character when traversing similar domains, but there are sufficient variations to preclude any simple generic specification of the nature of lithospheric heterogeneity.
Larger-Scale Heterogeneity
Much of our understanding of seismic wave propagation has been built from analysis of stratified media. For some simple models, analytic results are available, but even moderately complex models require numerical evaluation of the necessary integrals. When, however, we wish to compare results with more complex models, we need to start with a full numerical simulation. Because we want to study highfrequency phenomena after propagation through long distances, we consider 2-D models, but endeavor to introduce realistic heterogeneity.
The finite-difference-method (FDM) simulations have been carried out using a fourth-order, staggered-grid, scheme in space and second-order scheme in time, with an efficient parallelization scheme [Furumura and Chen, 2004 ] that sustains high accuracy for long distance seismic wave propagation at high frequencies (10 Hz). The domain for simulation is 2580 km wide and 288 km deep, discretized with a uniform grid interval of 0.1 km. Earth flattening is applied to the P and S wave speeds in order to include the effect of the sphericity of the Earth using a conventional rectangular-grid FDM.
The free-surface boundary condition of Okamoto and Takenaka [2005] is applied at the free surface. At the edges of the model, an absorbing boundary condition is used based on the perfect matching layer (PML) technique in a 10 grid point zone surrounding the model. We have employed a broadband Q model using the technique of Hestholm [1999] using three memory variables and a reference frequency of 0.5 Hz. This yields nearly constant Q p and Q s in a frequency band from 0.5 to 5 Hz. Q p and Q s increase gradually with increasing frequency above the flat-Q band, with a similar decrease with frequency below.
A double-couple line source with 458 dip angle has been placed at a depth of 10 km. However, the propagation of the high frequency, scattered P and S wavefields for large distances (>500 km) is not very sensitive to the details of the source mechanism. The source-time function is a pseudodelta function that radiates seismic waves with a maximum frequency of 6 Hz, which ensures stability of the wavefield throughout the domain. From the FDM simulation, we extract synthetic seismograms of surface velocity for both the radial (R) and vertical (Z) components, together with snapshots of seismic wave propagation at each time step, which are separated into P and SV contributions by taking the divergence (P) and curl (SV) of the 2-D wavefield.
We compare results for increasing levels of complexity in structure for models derived from a section through AuSREM at 218S, crossing from the Archean of western Australia into the Proterozoic of the North Geochemistry, Geophysics, Geosystems Figure 4 . Whereas the power spectrum for AuSREM drops rapidly for wavelengths shorter than 100 km, the introduction of the medium-scale component significantly raises the level of smaller wavelength features, and hence the complexity of the resulting wavefield.
In Figures 5 and 6 , we contrast the wavefield behavior of the different models using the same source excitation. In Figure 5 , we show theoretical seismograms for the radial component for each model, accompanied by a 1-D profile at the middle of the profile (1000 km) so that the relative character of the heterogeneity is apparent. In Figure 6 , we present snapshots of the wavefield at 100, 250, and 400 s after source initiation. The P energy is indicated in red, and S energy in green. The first two frames capture the P waves out to 2000 km and the final frame allows the long-distance evolution of the S wavefield to be clearly seen.
In the laterally uniform model (a), the patterns of multiple reflections from the free surface and from beneath the Moho are consistent right along the profile, so that constructive interference can arise between multiple groups. This gives rise to both clear phase groups in the seismograms and distinctive ''Y''-shaped wavefronts in the snapshots, e.g., Pn near 2000 km in the 250 s frame. The lateral averaging gives rise to a complex crust that provides strong support to the Pg phase and its multiples, which play a prominent role in the seismograms.
With just the broadest scales of lateral variation, as in the AuSREM slice (b), the horizontal gradients in structure, e.g., from changes in Moho thickness and variations in the vertical gradient in the uppermost mantle have a noticeable effect on the nature of the wavefield because multiple arrivals no longer have a coherent pattern over long distances. An immediate effect is a much weaker set of Sn arrivals with energy displaced into crustally linked multiples. In contrast, the Pn arrivals are reinforced. The differences between the behavior of Pn and Sn reflect the way in which the upper mantle gradients can have a strong influence on the wavefield. The Pg phase now is only prominent to around 700 km.
With the addition of the more realistic medium-scale heterogeneity to AuSREM in model (c), the disruption of the simple propagation patterns seen in (a) becomes more significant. Wave groups evolve, but do not remain consistent for long distances except at the longest periods where variations tend to be averaged. An interesting effect of the introduction of the shorter wavelength features is the reinvigoration of the onset of Sn compared with (b). The medium-scale structure introduces locally stronger gradients in the Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 uppermost mantle that tend to enhance the amplitude of waves reflected below the Moho, and the more varied structure helps to duct energy horizontally and so enhance the mantle returns. The discrete wavefronts seen in (b) are broken up somewhat by the interaction with more complex structure and become thicker. Conversions from P to S are also more prominent.
The modifications of the wavefield associated with the presence of lateral heterogeneity are particularly clear when seen in a movie. In the supporting information, we present the set of movies S1-S3 from which the snapshots in Figure 6 have been extracted. Of particular note is the way in which the coherent multiples Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 in the laterally uniform models become distorted in the presence of increasing lateral variability in wave speed.
It is only in a few favorable circumstances that, even for a profile, sufficient information is available to characterize the large-scale and medium-scale heterogeneity patterns in a deterministic form [e.g., Morozova et al., 1999] . The use of a stochastic representation for medium-scale heterogeneity introduces the appropriate scale lengths, but does not allow for the possibility that the medium-scale effects may themselves be modulated by the nature of the large-scale geological variations. Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200
Finer-Scale Heterogeneity
At even finer scales, we have to resort to fully stochastic representations. We now face the issues that the effects of heterogeneity in different parts of the model do not linearly superpose, but instead can have complex and interfering interactions on the seismic wavefield. Kennett [1989] provided a description of the components of the seismic wavefield for regional to far-regional distances in terms of an operator representation of the reflection and transmission properties of different parts of the structure. The operators allow for the redistribution of energy between horizontal wave numbers introduced by the presence of lateral variations in structure. The resulting expressions emphasize the significance of reverberation operators associated with multiple interactions between aspects of the structure. The finer-scale effects themselves interact with those at larger spatial scales, modulating the nature of the wavefield and changing the character of the main seismic phases. With varying heterogeneity in the crust and different parts of the mantle, the concept of any form of ensemble averaging becomes difficult; there are so many classes of nested interaction that even the operator formalism becomes unwieldy, this means that we are left with numerical simulation.
It is unlikely that any single realization of a stochastic medium used in a calculation will be able to capture the full potential complexity of behavior. We can find stochastic representations that are compatible with observations, but even then the match may depend on the realization. It can be hard to discriminate between possibilities, but the general character of heterogeneity can be extracted.
In our search for a class of model that would be compatible with the full sweep of observational results, we have investigated differing styles of heterogeneity from just crustal to widespread heterogeneity through the lithospheric mantle and into the asthenosphere. We have employed distributions of heterogeneity suggested by earlier studies, but now with the addition of realistic medium and larger-scale heterogeneity in the lithosphere and asthenosphere. The presence of the broader-scale variations means that we do not need to invoke strong variations at finer scales. In the supporting information, we present a full suite of models for the slice at 218S to illustrate the way in which crustal and mantle heterogeneity interact (supporting information Figures S1-S6).
From these extensive numerical tests, we have built up a model with many different scales of heterogeneity whose stochastic properties are summarized in Table 1 . We have a model which includes significant variation in the crust with larger amplitudes between 15 km depth and the Moho. The lithospheric mantle is mildly heterogeneous with a longer horizontal correlation length, which is needed to produce the minutes of coda duration for both P and S waves for passage through the Precambrian zones. In the lithosphereasthenosphere transition (LAT), we impose a change in heterogeneity regime [cf. Thybo, 2008] with larger amplitude and shorter horizontal correlation length. We use LAT bounds extracted from the model of Yoshizawa [2014] . In the asthenosphere beneath the deeper LAT bound, we sustain the same style of heterogeneity, but do not have much control on the actual nature of the behavior since little energy returns from this zone to the surface. The composite model with many different scales of heterogeneity in various depth ranges gives rise to a rich structure with a slow decline in the wavelength spectrum (Figure 4c ). In Figure 7 , we illustrate a set of 1-D velocity profiles extracted from the various 2-D slices through the multiscale models, accompanied by synthetic P wave reflectivity calculated by autocorrelation of the transmission response, with stacking over a bundle of slownesses to be a close model to the processing used to construct the traces in Figure 3 . The character of the reflectivity produced from the local 1-D profiles is comparable to that seen at broadband stations, as in Figure 3 , with a not dissimilar geographic variation. Though it would appear that the level of variation in our multiscale model may be just a little too large through much of the lithosphere, possibly a product of developing heterogeneity models with just 2-D simulation. We cannot yet capture the full complexity of the actual 3-D environment, and so it is not appropriate to make too specific a comparison. The Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 multiscale model was developed to explain the properties of seismic waves that have traveled significant distances horizontally, so it is very encouraging that the behavior is compatible with the new results from near-vertical sampling.
The important role of crustal heterogeneity has been emphasized by , particularly when linked to a positive velocity gradient in the uppermost mantle so that there is a systematic set of multiple reflections from beneath the base of the crust. Crustal reflectivity tends to be quite variable even between closely related terranes [e.g., Kennett and Saygin, 2015] , and is not necessarily concentrated at the base of the crust. Such variations will modulate the degree of coupling between the crust and mantle propagation effects.
In conventional seismic reflection profiling using frequencies above 10 Hz, the uppermost mantle appears nearly transparent for near-vertical sounding. Yet at around 1 Hz, recent results [Kennett, 2015] indicate the presence of modest reflectivity at a level that may approach 35% of that in the crust. The frequency dependence indicates that such features must vary much more slowly in the vertical direction than in the crust. The subtle changes in seismograms across arrays of stations suggest that a horizontal correlation length of around 10 km would be appropriate, as previously suggested from studies of the coda of arrivals at large distances that sample the lithosphere horizontally [Kennett and Furumura, 2008] .
When wave speed gradients are weak, the reinforcement of different families of sub-Moho multiples in the ''whispering gallery'' effect is largely suppressed. It is in these circumstances that the presence of quasi-laminate structure can sustain a scattering waveguide, rather than a gradient-induced ''whispering gallery'' guide. On the background of pervasive medium-scale heterogeneity, significant effects can be produced Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 with minor levels of wave speed deviation with correlation lengths of 10 km horizontally and 0.5 km vertically. There is no need for the very large variations employed in early purely 1-D models [e.g., Tittgemeyer et al., 1996] . Thybo [2008] has produced a number of lines of evidence to suggest that below the highest absolute wave speeds in the lithosphere, the zone of diminishing wave speed leading into the asthenosphere has strong short-range heterogeneity with a squat aspect ratio. Previously, Kennett [1987] had suggested the need for a change in heterogeneity style in mid-lithosphere from the character of events at different depth observed at the Warramunga array in northern Australia. Such a change was introduced in the models of Kennett and Furumura [2008] , and helped to shape the character of the coda of high-frequency arrivals.
In the current suite of models including fine-structure, we have introduced a change from quasi-laminate heterogeneity with a large aspect ratio to a smaller aspect ratio at the top of the LAT. We find that the change in heterogeneity style and enhanced amplitude of variation has a role in sustaining long codas for both P and S, provided that attenuation remains low in this zone.
We present the results for multiscale models for 2-D cuts along 218S, 318S, and 1328E in Figures 8 and 9 . Corresponding results for the 2-D cuts at 1198S through Archean western Australia and 1458E through the Phanerozoic are shown in the supporting information ( Figures S7-S9 ). As in Figures 5 and 6 , we show first in Figure 8 the theoretical seismograms accompanied by 1-D vertical profiles at 1000 km, and then in Figure 9 snapshots of the wavefield. Figures 8a and 9a for the 2-D model at 218S can be compared directly with the sequence in Figures 5 and 6 that showed the way in which larger-scale heterogeneity interacts with the wavefield. With the introduction of a range of different fine-scale structures, we no longer get simple pulse clusters. Rather there are localized increases in amplitude within a complex high-frequency wavetrain. There is residual structure in the seismograms imposed by the medium-scale effects (Figure 5c ), but this is modified and complicated by the broad range of multiple scattering processes in both crust and mantle. In the snapshots, the onset of wavepackets remains moderately distinct, but behind this comes a ''speckled'' zone representing the scattered arrivals associated with the phase that slowly fades away. The overlap of the scattered train of successive phases gives a very complex character to the coda. The presence of strong crustal heterogeneity breaks up the conversions from Pn to S so they are less prominent than in Figure 6c . Scattering also has the effect of coupling S waves with P in the near surface, notably in the Lg train. Movie S4 in the supporting information allows direct comparison with the results from the simpler models for 218S (supporting information movies S1-S3).
The 2-D cut at 318S, model (b) in Figures 8 and 9 , also crosses multiple age domains with sharp changes in the thickness of the LAT at the edge of the Yilgarn craton near 1000 km. The general wavefield behavior is similar to that for 218S, with a broad zone of diffuse arrivals forming the coda of P. Because the heterogeneity distribution in the asthenosphere is generated from the same stochastic distribution as in the LAT, there is only a modest influence from the transition to thinner LAT.
For 1328E, we have a cut through mostly similar age materials (Proterozoic) with moderate variations in the thickness of the LAT. Compared to the W-E cuts, the S energy at larger distances is reduced, though it is rather strong out to 1400 km. The differences can be attributed to the effects of passage through the central Australian zone where the S wave speed is low beneath the Moho, but rapidly rises to typical cratonic levels by 100 km depth. In the supporting information ( Figures S7-S9) , we also show the equivalent results for the section at 1198E though the mostly Archean West Australian craton, and at 1458E through the Phanerozoic. The same class of multiscale model with modulation by the large-scale structure can produce very different wavefields. In particular, in the east where the top of the lithosphere-asthenosphere transition is shallow, high-frequency waves are readily lost and so even without invoking increased attenuation the coda is relatively short.
Wavefield Coherence
In the previous sections, we have presented numerical modeling results on the way that seismic waves interact with multiscale heterogeneity. Here we consider the local wavefield coherence and the way that that relates to observations. We exploit a medium size earthquake in central Australia (Figure 1 ) that was well recorded at the PSAR seismic array, which allows a direct assessment of the local behavior of the Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 are shown in Figure 1 . The event was well recorded on all elements of the array PSAR, which allows a detailed investigation of the character of the wavetrain using array beamforming tools in conjunction with examination of the coherency of the wavefield across the 25 km aperture array.
In Figure 10 , we show results from the PSAR array for the Ernabella event. In Figure 10a , we display the three-component seismograms at the central station PSA00, which show the extensive P and S highfrequency coda. It takes a second or two after the onset of P for significant energy to develop on the transverse (T) component. The presence of significant levels of energy on all three components in the P coda is indicative of scattering in 3-D. However, when we look at the array beam results (Figure 10c ), we find that Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 the azimuth of the arrivals remains consistent with the great-circle even late in the coda for moderately high frequencies. This means that the dominant body-wave energy arriving at the array is being generated close to the great-circle path. Evidence for strong interaction with local structure comes from the fall off in signal coherence between stations with interstation spacing, particularly for S waves (Figure 10b ). The interstation coherence properties are calculated using the full-array vector slowness for each 3 s time slice, with rotation of the three-component seismograms and allowance for time delays between stations. The correlation coefficient between each pair of array elements is then averaged in 1 km separation bins. The onset of [a] [b]
[c] Geochemistry, Geophysics, Geosystems 10.1002/2015GC006200 P correlates well across the full array. Above 1 Hz good coherence rarely is achieved beyond 6 km for either Sn or Lg. The signal-generated scattered noise is strong enough to mask the main arrivals in the S train, particularly on the horizontal components.
The later lower-frequency components of the wavefield corresponding to the surface waves show much more variability in azimuth. For this portion of the wavefield, multipathing is important and significant surface wave energy is arriving at PSAR after scattering well away from the great circle between source and receiver.
Simulated Coherence Results
The PSAR array lies very close to 218S and so we examine the effect of the multiscale heterogeneity model on local wavefield coherence by making a 2-D FDM simulation along the cut at 218S with a source set at the appropriate distance from PSAR. The true path from Ernabella to PSAR deviates about 308 in azimuth, but the gradient of mantle wave speeds in AuSREM is moderate, so that the structure used for the simulation should be representative of the conditions along the actual path.
We employ a linear array of closely spaced stations at the PSAR location, at a distance of about 1400 km from the source, using the same source depth of 10 km as in the other simulations. We then examine the coherence of the 2-D P-SV wavefield as a function of interstation distance. We have investigated a variety of classes of heterogeneous structure, and find that strong lower crustal heterogeneity with minimal mantle heterogeneity is not adequate to match the general behavior of the observations. The short correlation lengths in the crust are reflected in very short range coherence across the simulated array. The addition of a mantle component helps to extend the distance range of coherence, and with the full multiscale model, we achieve a situation comparable to the observations (Figure 11 ). We display the group of seismograms across the linear array in Figure 11a for both radial (R) and vertical (Z) components in the distance range from 1375 to 1425 km. At first sight, the character is very similar throughout the wavetrain, but in detail, we can see modulations of the patterns of arrivals that are most evident in S. Snapshots of the wavefield are shown in Figure 11b ; we can see the development of the scattered coda occupying a distance band of nearly 200 km for S waves.
In Figure 11c , we display the cross correlations between array elements as a function of distance and frequency for both the radial and vertical components, using time windows that are 5 times the lowest period for each panel. The coherence results are accompanied by the trace envelope for the frequency band employed. As in the observations, the spatial coherence of the P waves is much greater than for the S waves. The late strong coherent peak is the lower-frequency surface waves that are hardly affected by finescale structure, but which have no influence at the higher frequencies. Above 1 Hz, the spatial correlation of the S waves is very restricted especially for the radial component, in correspondence with the observations.
Within the limits of the 2-D simulation, the multiscale heterogeneity model gives a good representation of the local spatial coherence of the wavefield after passage through substantial distance. In this distance range, the waves have traversed many thousand wavelengths and so effects associated with the details of specific realizations of the stochastic media should be minimal.
Discussion
We have built the multiscale heterogeneity from isotropic materials, but it will give rise to an effective anisotropy when sampled by long wavelength waves. A stratified laminate appears to show transverse isotropy for lower frequencies [see, e.g., Fichtner et al., 2013b] , with differences between the velocities of vertically and horizontally traveling waves. The situation is more complex for a stochastic medium, but we can envision that in aggregate a quasi-laminar structure, such as that we have proposed for the upper part of the mantle lithosphere, will show transverse isotropy. Where the aspect ratio between horizontal and vertical correlation lengths is smaller as in the medium-scale structure, the crust, and the LAT there will still be a modest anisotropic effect, but less pronounced. The combination of all the different aspects of the multiscale heterogeneity probably can contribute about half of the radial anisotropy seen in surface wave studies [e.g., Yuan et al., 2011; Yoshizawa, 2014] .
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As the frequency increases, the sampling length diminishes so that local effects become more important. There will still be apparent anisotropy, but it may well be inclined to the horizontal. Indeed this is more likely for the squat planforms. The transition between different zones of the heterogeneity can thus be regarded as also marking a change in effective anisotropy.
We have made the assumption that the horizontal correlation length does not vary with the orientation of the profiles, since we do not have enough information to resolve any variations-though we have tried to investigate such effects. However, if there is a ''grain'' to the character of heterogeneity in the mantle in 3-D Figure 11 . Simulation of the effect of propagation through the multiscale heterogeneous model for a path length comparable to that from the Ernabella event to PSAR through the 2-D cut along 218S: (a) theoretical seismograms for closely spaced stations, (b) snapshots of the wavefield on passage to PSAR, and (c) in-line coherence results as a function of frequency, with the trace envelope for the frequency band superimposed in black.
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In reflection seismology, many reflectors are in fact the manifestation of changes in the character of finescale velocity variation, and a similar behavior can be expected in transmission, as in receiver functions. We can see such effects in Figure 7 , where quite subtle changes in the style of velocity variation are associated with reflectivity. At lower frequencies, interference occurs between nearby features and an apparent discontinuity can appear as the aggregate of fine-scale changes. A change of heterogeneity style into the top of the lithosphere-asthenosphere transition can thus have the effect of changing local anisotropic properties and modifying the interference between waves sampling the fine structure. Such features can contribute to the creation of an apparent mid-lithosphere discontinuity without there ever having been a major change in seismic wave speeds. Conventional receiver function analysis [e.g., Kind et al., 2012] employs simple discontinuities that can capture time relationships at the expense of suppressing the interference from finerscale structure that can shape the amplitude behavior. The size of shear wave speed contrasts inferred from S receiver function studies would be hard to produce by fine-structure alone, but the anisotropic contrasts would enhance P conversions.
The large-scale changes in seismic wave speed imaged with surface wave tomography reflect the major tectonic units, and the very high S wave speeds in the cratons are difficult to explain without major element segregation [e.g., Griffin et al., 2009 ] associated with depletion via melting. In contrast, the finer-scale variations are likely to have a more direct link to smaller geochemical components and trace element distributions [e.g., Afonso and Schutt, 2012] . Results from xenoliths imply the presence of large compositional variability both laterally and vertically in the lithospheric mantle. Minor variations associated with variations in depletion at the time of lithosphere formation will contribute to the modest kilometer-scale heterogeneity in the upper most mantle. The depth of the transition in heterogeneity style we have inferred from the analysis of high-frequency seismic waves matches with the upper extent of metasomatism from xenoliths [Griffin et al., 2009] . Infiltration of metasomatic material can be expected to have the effect of breaking up coherent heterogeneity and so reducing the apparent horizontal correlation length. The rapid increase in the inferred level of metasomatism with depth in the geochemical results would suggest a gradient in heterogeneity properties with a stronger modification at the base. Such a more complex pattern of heterogeneity could well exist, but would be very difficult to resolve.
In all of the discussion of fine-structure, we have adopted the simple model of zones of constant stochastic properties. It is likely that there indeed gradients in the style of heterogeneity, but modest gradients will be essentially indistinguishable from a constant background with currently available seismological data.
Conclusions
We have shown that multiscale heterogeneity in the continental lithosphere is able to provide a good representation of the character of observations from Australia, both with regard to long-distance propagation and to near-vertically traveling waves. All scales of heterogeneity play important roles in shaping the seismic wavefield. The broad-scale variations extracted from seismic tomography set the framework for finerscale variations with a stochastic formulation. Medium-scale heterogeneity is particularly important, and in some areas may be able to be extracted from dense observations. We have here used a von K arm an distribution of heterogeneity with horizontal correlation length of 100 km and vertical correlation length of 24 km to represent such effects. Not only does this medium-scale heterogeneity break up wavefronts and introduce complexity into the seismic wavefield, it also obviates the need for very strong fine-scale heterogeneity. The presence of fine-scale heterogeneity in the crust and mantle makes a major contribution to the nature of the coda of both P and S phases. With thicker lithosphere strong long duration codas can be developed, but thinner lithosphere even without strong attenuation largely suppresses such high-frequency trains. The behavior of the wavefield is consistent with a change in heterogeneity properties through the lithosphere-asthenosphere transition (LAT), with both increased amplitude and a more squat planform of correlation. The change of heterogeneity style will have an effect on effective anisotropy and may help contribute to the presence of an apparent mid-lithosphere discontinuity.
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